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Introduction
The topic of “materials under extreme environments” has 
received signifi cant attention recently. Materials are key build-
ing blocks for the next generation of energy technologies, 
where they must feature enhanced performance at extremes 
of mechanical stress, strain, temperature, pressure, corrosive 
environments, particle radiation fl ux, and electric or magnetic 
fi elds.1 For example, using supercritical steam signifi cantly 
increases the effi ciency of coal-fi red power plants, but requires 
50% higher operating temperatures and roughly double the 
operating pressure. Transportation applications, such as cars 
and aircraft, need lighter-weight and higher-strength structural 
materials to increase fuel effi ciency and reduce CO2 emission. 
For future nuclear-fi ssion power plants, structural and cladding 
materials must perform at higher temperature and high dpa 
(displacements per atom). These increasingly extreme operating 
environments accelerate the aging process in materials, leading 
to reduced performance and eventually to failure.

Structural materials in defense, aerospace, construction, and 
other national-infrastructure applications also fail unpredict-
ably, often at stresses less than 10% of the theoretical limit 
of strength for perfect crystals. Incremental changes in cur-
rent structural materials may not produce the revolutionary 
breakthroughs needed for future applications. Innovative basic 
research that elucidates the fundamentals of how materials 
behave in extreme environments is required. Controlling the 

matter-extreme environment interactions can help researchers 
to develop revolutionary new materials that perform in pre-
dictable ways at stresses approaching the theoretical limit of 
material strength, on the order of 10% of the elastic modulus, 
extending lifetimes, increasing effi ciencies, providing novel 
capabilities, and lowering costs.1–3

At a more fundamental level, the development of materials 
with a tailored response in extreme environments addresses one 
of the fi ve grand challenges outlined in the recent Basic Energy 
Sciences Advisory Committee report4 titled “Directing Mat-
ter and Energy: Five Challenges for Science and the Imagina-
tion”: How do we design and perfect atom- and energy-effi cient 
 syntheses of revolutionary new forms of matter with tailored 
properties? Embodied in this grand challenge are specifi c sci-
ence issues for structural materials at extremes, such as:

How resistant to failure in extreme conditions of �

temperature, radiation, or environment exposure can we 
make a material?
How do we make hard matter that heals damage or �

defects?
How mechanically strong can we make materials yet keep �

them lightweight?
The fi eld of “materials under extreme environments” is quite 

broad and may require more than one MRS Bulletin theme 
issue to capture the new developments. The focus of this issue 
is on metals, leaving out non-metals (ceramics for nuclear 
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fuels, waste forms, and high-pressure synthesis of diamonds) 
and “chemistry at extremes” (e.g., chemistry of explosives at 
high-pressure, high strain rates). Keeping metals (especially 
nanostructured metals) as the focus, the set of articles in this 
issue highlights new developments in structural metals for 
radiation damage tolerance, shock, high magnetic fi elds, and 
high temperature stability. These articles capture three aspects 
of research in this fi eld: (i) plastic deformation at extremes to 
synthesize bulk nano-metals and composites, (ii) performance 
of nano-metals and composites (regardless of synthesis method) 
in some form of extreme environment such as particle radiation, 
high temperatures, high strain rates, and high magnetic fi elds, 
and (iii) characterization methods (e.g., in situ x-ray diffraction 
or transmission electron microscopy [TEM]) for elucidation of 
damage processes under extreme environments.

Synthesis of new metal structures by severe 
plastic deformation bulk
During recent decades, the principal materials-design strategy 
has involved developing multifunctional structural materials 
with increased microstructure complexity. In this approach, 
the structural component also provides the functional property, 
such as reduced of mass, thermal insulation, electrical conduc-
tion, magnetic properties, acoustic damping, energy absorption, 
deformability, by adding selected new phases and refi ning the 
microstructure down to the nanometer scale. In this way, new 
nanocomposite materials have been developed, for instance, 
complex duplex steels or transformation-induced plasticity 
(TRIP) steels.5 The mechanical properties of each phase of 
these complex materials are strongly infl uenced by the high 
surface-to-volume ratio of the nanograins. Their fl ow strength, 
which is dislocation-mediated at large grain size, is increased by 
the so-called “size effect” (smaller is stronger).6–8 Moreover, the 
combination of different phases with different microstructure 
dimensions leads to complex co-deformation behavior.

Among the most promising fabrication techniques to obtain 
nanostructured metallic materials in the bulk form at the indus-
trial scale are those based on severe plastic deformation (SPD), 
which by defi nition subjects materials to very large strains. 
In fact, researchers in this fi eld talk in terms of “true strain,” 
which is the natural logarithm of the ratio of initial and fi nal 
dimensions. The true strain is equal to the traditional “engi-
neering strain,” or fractional change in dimension, only when 
these quantities are much less than one. In SPD, the true strain 
is typically larger than fi ve, which breaks down the polycrys-
talline bulk material into crystalline units with dimensions of 
nanometers.

The article by Zhu et al. in this issue reviews the principal 
SPD techniques. Bulk nanostructured materials can be made 
using the severe deformations available in equal channel 
angular pressing (ECAP), high-pressure torsion (HPT), and 
accumulative roll bonding (ARB). Several variants of these 
SPD processes also exist: repetitive corrugation and straight-
ening, co-shearing process, continuous confi ned strip shear-
ing, twist extrusion, high-pressure tube twisting, asymmetric 

rolling, accumulative drawing, and bundling. Nanostructured 
surface layers can be created on bulk metals using the repetitive 
pummeling known as surface mechanical attrition treatment 
(SMAT).

This “top-down” approach of SPD is based on the accumula-
tion of lattice defects (dislocations) to achieve microstructure 
refi nement. It contrasts with a “bottom-up” approach, where 
nanostructured materials are synthesized atom-by-atom, layer-
by-layer, or via consolidation of small clusters.9 Metals are 
excellent candidates for SPD techniques, since they usually 
exhibit a ductile behavior at the strain rates and temperatures 
associated with these techniques. The details of the mecha-
nisms involved in the grain refi nement depend on the nature 
of the metals, such as crystallography, stacking fault energy, 
and strain hardening, and have been thoroughly studied during 
the past decades.10,11

The view emerging from the earlier research is that SPD 
involves different stages of glide and interaction of dislocations, 
leading to their accumulation with increasing strain (Figure 1a), 
until a heterogeneous microstructure is formed, composed of 
regions with high or low dislocation density  (Figure 1b). Upon 
further straining of the structure, loose tangles transform into 
dislocation walls by annihilation of dislocations with opposite 
Burgers vectors (via combined glide, cross-slip, and climb 
processes), separating dislocation-free regions or subgrains 
(Figure 1c).

In SPD techniques, this process is pushed to the limits by 
reaching the extreme stages of work hardening,10,11 where the 
thickness of the dislocation walls is further reduced ( Figure 1d) 
until forming new grain boundaries. The formation of new 
grain boundaries suggests that grain refi nement involves 
dynamic recovery of stored dislocations (Figure 1e). Along 
with the associated reduction of grain size, a typical feature 
of SPD-processed metals is the presence of a large fraction 
of grain boundaries (GBs) separating adjacent grains with 
crystallographic misorientation larger than 15°, referred to 
as high-angle grain boundaries (HAGBs).11 HAGBs act as 
dislocation obstacles when the SPD-processed materials are 
subjected to service loading, giving them superior mechanical 
resistance.12

a b c d e

Figure 1. The main steps of grain refi nement by severe plastic 
deformation (SPD). (a) Dislocations accumulate upon straining 
and (b) interact until forming a heterogeneous structure with 
high or low dislocation density regions. Further straining leads 
to the formation of (c) a typical microstructure with dislocation 
cells composed of dislocation walls separating dislocation-free 
regions (subgrains), the dislocation walls being (d) continuously 
refi ned until transformed into (e) grain boundaries when the SPD 
process is pushed to the limits to obtain a bulk ultrafi ne grain or 
nanostructured material.
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The interest in studying SPD-processed materials is therefore 
twofold. First, the previously described microstructure refi ne-
ment is a source for bulk materials with improved mechanical 
properties. Second, very large strains are imposed on the mate-
rial in a confi ned geometry: the material is either forced to fl ow 
through a die with specifi c geometry (as in ECAP, ARB, and 
other variants) or to deform in a confi ned volume (as in HPT). 
In the case of SMAT, the material’s surface is impacted by very 
energetic fl ying balls over a short period of time, and the bulk 
part of the material also confi nes the impacted region. In all 
cases, this confi nement of metal fl ow leads to the creation of 
a complex stress state with intense hydrostatic and deviatoric 
components associated with high pressure and shear stresses. 
Such built-in pressure usually impedes massive fracture of the 
material, allowing copious plasticity.

Unique properties of nanostructured metals
Understanding how a metal responds to such severe and repeated 
deformation conditions is an important fundamental topic. Raabe 
et al. describe this issue in detail, with particular emphasis on 
the microstructure and the mechanical properties of metallic 
nanocomposites fabricated by SPD. By comparison to single-
phase nanostructured metals, the study of composite materials 
is of interest since their mechanical properties generally result 
from a complex interplay between the properties of individual 
phases and the presence of interphase boundaries. In particular, 
internal stresses develop during co-deformation because of intra- 
and intergranular variations of plastic strain and have a strong 
impact on the strengthening mechanisms and 
macroscopic mechanical properties.

The fi rst benefi t in applying SPD to compos-
ite metals is the achievement of nanoscale phases 
leading to their improved mechanical strength. 
Among the oldest examples are the Damascene 
and Indian Wootz steels, or the steels obtained 
by pattern welding achieved by repeated fold-
ing in the early Middle Ages both in Europe 
and Asia.13,14 Similar exceptional mechanical 
properties are found in modern materials such as 
steel cords and piano wires and are now recog-
nized as the effect of microstructure refi nement 
on the plasticity mechanisms.

Indeed, it is now established that microstruc-
ture refi nement exerts a strong infl uence on the 
mechanical properties of materials, as a result 
of the coupling between two length scales. One 
scale is the characteristic length of the physical 
phenomenon involved (in the case of plasticity, 
the mean free path of dislocations and the aver-
age distance between dislocations). The other 
scale is the microstructural dimension (grain 
size, grain boundary width, obstacle spacing, 
and radius). The interaction of these two quan-
tities leads to deviations from conventional 
behavior.15,16

The well-known Hall-Petch strengthening of polycrystal-
line materials is an example, in which a reduction of the grain 
size d (down to the micrometer regime) is accompanied by 
an increase of the yield stress, following a d−1/2 dependence 
(Figure 2). With the development of new fabrication processes, 
the nanometer regime has been probed, and deviations from 
Hall-Petch strengthening have been recorded.

As GBs become more infl uential with grain-size reduction, 
the traditional plasticity mechanisms involving intragrain 
nucleation and propagation of dislocations become restricted. 
New strengthening mechanisms include deformation via uncor-
related dislocations (Orowan-type mechanism), with a grain-
size dependence of the yield stress of (1/d)ln(d/b), where b is 
the length of the Burgers vector of the dislocations.17–22 Another 
mechanism involves whisker-type behavior, with a 1/d depen-
dence.22,23 In the few-nanometer regime, a size-independent 
plateau in the yield stress is sometimes observed21 and attributed 
to easy dislocation transmission across GBs, while in some 
nanocrystalline materials, a softening (“inverse” Hall-Petch 
effect24) has been reported as an indicator of diffusion processes 
or GB sliding associated with the large number of atoms located 
at GBs when the grain size is very small.

As pointed out in the article by Raabe et al., in nanocom-
posite metals, the heterophase interfaces provide an additional 
parameter to play with in the search for high-strength materials. 
Depending on the atomic species and the local crystallographic 
structure, these interfaces will transmit or trap dislocations, there-
fore modifying the strain-hardening behavior of the materials. 
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Figure 2. Schematic of the evolution of the yield strength σy in metals as a function 
of microstructure size δ (grain size in single phase materials or interface spacing in 
composites). The associated deformation mechanisms are described as well as the scaling 
laws that govern the elastic limit in the different regimes. GB, grain boundary.
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It is clear that the concept of interface engineering will be a key 
issue in future development of nanocomposite materials, as dis-
cussed in the articles by Raabe et al. and Demkowicz et al.

Another remarkable feature exhibited by the nanostructured 
single phase or composite metals is the extension of the elastic-
plastic transition, giving rise to a pronounced rounding of the 
stress-strain curves. This effect originates from very heteroge-
neous deformation taking place in these materials because of 
more-or-less extended grain- (or phase-) size distribution and 
complex internal stresses arising both from processing and 
from plastic incompatibilities between grains with different 
orientations relative to an externally applied stress.

At very small grain size, the probability that a grain experi-
ences a plastic event (i.e., the emission of an individual disloca-
tion at a GB, its gliding in the grain interior, and its absorption 
at the GB) is very small.25,26 As a consequence, nanostructured 
materials exhibit an extended microplastic regime characterized 
by early strain hardening. Hence the conventional criterion used 
to defi ne the onset of macroplasticity, a macroyield strain equal 
to 0.2%, appears meaningless since at such strain, only a very 
small portion of grains have deformed plastically.25,26 This state-
ment has been experimentally confi rmed in nanocrystalline Ni, 
Cu/Ag multilayers, nanostructured Ni–Fe alloys, nanocomposite 
Cu/Nb wires, and nanocrystalline metal fi lms. The amount of 
strain assigned to microplasticity was measured 
to signifi cantly exceed the 0.2% convention for 
bulk metals.27–32 This phenomenon must be  taken 
into account to defi ne a stress value that does 
not underestimate the onset of macroplasticity 
in nanostructured materials.

The second benefi t of applying SPD to com-
posite metals is to study their microstructure evo-
lution when subjected to extreme strains, beyond 
most normal service conditions. After SPD, a large 
elastic energy is stored via internal stresses and 
lattice defects (dislocations, vacancies), a situation 
where the materials are far from thermodynamic 
equilibrium. In such conditions, unexpected phe-
nomena are likely to appear at interfaces, such as 
mechanical alloying or amorphization, even in 
the case of highly immiscible phases. Raabe et al. 
review observations made possible by state-of-the-
art characterization techniques at the atomic scale: 
high-resolution TEM and atom probe tomography 
are ideal experimental tools and are well comple-
mented by simulation techniques.

The models proposed to explain these 
observations either invoke purely diffusion-
driven mechanisms, defect-enhanced diffusion 
or interface roughening, and plasticity-driven 
mechanical mixing. Independent of the validity 
of the models, these observations lead to the fol-
lowing contradiction with what was described 
earlier. After SPD and (partial) dissolution of 
previously sharp interfaces, the nanocomposite 

metals continue to exhibit high strength. This phenomenon 
is still not fully understood, but it must be recognized in any 
process of interface engineering.

Nanostructured metals for high fi eld magnets
As an illustration of how the SPD-processed nanocomposite 
metals are useful for applications that require extreme properties, 
we review the case of high–pulsed-fi eld magnets. The genera-
tion of high magnetic fi elds (> 60 T) requires magnet winding 
materials with high electrical conductivity to minimize Ohmic 
heating effects. These fi elds are generally produced during a few 
milliseconds in pulsed magnets. At such fi elds, the Lorentz forces 
result in extreme Von Mises stresses on the winding material. 
At 60 T, the magnetic pressure is of the order of 1.5 GPa, and the 
Von Mises stress reaches 1 GPa; at 100 T, the magnetic pressure 
is 4 GPa, and the maximum stress on the magnet is larger than 
2.2 GPa.33–35 Multifunctional materials with high electrical con-
ductivity and high strength are therefore needed to safely survive 
these harsh operating conditions in nondestructive magnets.

The high electrical conductivity requirement demands 
copper-based materials for the magnet application. Among 
these materials, only nanocomposite wires can combine low 
electrical resistivity with an elastic limit high enough to with-
stand the Von Mises stress previously described.34 Figure 3 
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Figure 3. Materials-selection chart for high-fi eld magnet development. Horizontal dashed 
lines indicate strength allowing a particular fi eld intensity, while diagonal lines correspond 
to an allowable pulse duration. Only copper-based nanocomposite metals provide the 
necessary compromise between elastic limit (σy

1/2) and transport properties ( (ρCp/ρe)1/2), 
where ρ is the density, Cp is the volumetric heat capacity, and ρe is the electrical resistivity.34
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is a materials-selection chart showing the relative position of 
different copper-based material classes (from bulk cold-drawn 
Cu to highly complex composites and alloys) with respect to 
the two limiting factors: strength, s, plotted as s1/2, and a quan-
tity that quantifi es Ohmic heating. Heavily cold-drawn Cu/Nb
(Cu-18%Nb) and Cu/Ag (Cu-24%Ag) wires are the best can-
didates for a 60T application; further improvements will still 
be required for higher fi elds.34,36

One of the candidates, labeled Cu-18%Nb in Figure 3, 
is continuous Cu/Nb nanocomposite wire, composed of an 
architectured multi-scale Cu matrix reinforced by Nb nanofi la-
ments or nanotubes. The wires were fabricated by SPD with the 
accumulative drawing and bundling process (SPD methods are 
reviewed in the article by Zhu et al.). A series of hot-extrusion/
cold drawing/bundling cycles are repeated n times (n £ 5) to 
obtain conductors containing N = 85n Nb nanostructures with 
a known distribution, separated by channels of pure copper. 
The process induces a multiscale structure, as illustrated in 
Figure 4 for a Cu/Nb wire.

This complex microstructure gives rise to extraordinary 
mechanical properties that have been studied by classical mac-
roscopic tensile tests and nanoindentation, as well as in situ 
deformation in TEM and in situ deformation under neutron or 
synchrotron beam.18,22,30 The ultimate tensile strength reaches 

2 GPa at 77 K (i.e., fi ve times that of cold-worked pure Cu) 
for nanocomposite wires with a diameter of 2.5 mm that con-
tain Nb nanofi laments with a diameter of 142 nm.18 The in situ 
experiments shed light on the specifi c elastic-plastic behavior 
of the different phases of the nanocomposites that are inti-
mately connected to the local microstructure features (grain 
size). The micrometer-large Cu channels, with ultrafi ne grain 
structure (grain size from 200 nm to the micrometer range), 
exhibit strengthening following the Hall-Petch law; in the Cu 
nanochannels, the nucleation and propagation of dislocations 
are strongly affected by the reduced spacing between Cu-Nb 
interfaces, leading to a single-dislocation regime (Orowan-type) 
associated with increased yield stress; the Nb nanofi laments 
behave as whiskers with enhanced elastic limit.22,30,37

Although the required mechanical and electrical properties 
are achieved in wires fabricated at laboratory scale, their mass 
production and use in magnets is still limited by processing 
obstacles (one must ensure the production of several tens of 
meters of defect-free wires), diffi culties in winding these wires 
into the needed coils (the gain in strength is usually associated 
with the loss of ductility, as for most SPD processed materi-
als), and the poor knowledge of their fatigue properties when 
subjected to thermomechanical cycling in real magnets. As for 
most of the materials reviewed in the article by Raabe et al., 

there is clearly space for materials improve-
ment. Innovative strategies, such as the design 
of architectured nanocomposite metals3 or 
interface engineering, should bring interesting 
results in the near future.

Response of nano-metals 
and composites to extreme 
environments
The size effects on mechanical strength described 
previously for single-phase nanostructured 
metals also have been explored for thin fi lms 
metallic multilayers21,38–46 and nanotwinned fcc 
metals.47–51 When the size refi nement produces 
grain or interphase boundaries that are ther-
mally stable52 and can trap and annihilate point 
and line defects, the high strength can be com-
bined with high damage tolerance in extreme 
environments. The article by  Demkowicz et al. 
describes the atomic structures of boundaries 
that give rise to high damage tolerance.

Figure 5 and 6 show the increased damage 
tolerance of nanocomposites as compared with 
bulk metals. Bulk crystals or composites with 
large microstructure have very low strengths; 
nanostructuring leads to an increase in strength 
via the size effects discussed in Figure 2. For 
example, a Cu-Nb multilayer with an individ-
ual layer thickness of 5 nm has fl ow strength in 
excess of 2000 MPa, whereas the yield strengths 
of high purity, bulk single crystals of metals 
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d

Figure 4. (a–c) Micrographs with successively higher magnifi cation showing cross sections 
of the multiscale structure of Cu/Nb nanocomposite conductors for high-fi eld pulsed 
magnets. (d) High magnifi cation scanning electron micrograph showing Nb nanofi laments 
(white) embedded in the Cu matrix (black).37
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such as Cu are in the range of 10–50 MPa.21,53 Bulk crystals also 
have very low damage tolerance. For example, particle irradia-
tion leads to the formation of interstitials and vacancies. The 
highly mobile interstitials can escape to the surfaces or cluster 
with other interstitials and collapse into dislocation loops. The 
vacancies aggregate as well and trap transmutation products 
such as helium, resulting in cavities. Overall, these radiation-
induced defect phenomena lead to an increase in the mechanical 
yield strength, embrittlement, and swelling.54,55

The article by Demkowicz et al. describes the atomic 
 structures and energetics of interfaces that are super-sinks for 
radiation-induced defects, attracting, absorbing, and annihi-
lating interstitials and vacancies, and thereby “self-healing” 
the material. As shown in Figure 5, for the same ion irradia-
tion condition, pure Cu shows many defect agglomerates, 
but 2.5 nm Cu/2.5 nm Nb multilayers do not exhibit radiation 
damage.56,57 These interfaces are stable under high-temperature 

ion  irradiation as well.58,59 Similar effects have 
been observed at special grain boundaries in 
single-phase metals.60–65

The same Cu-Nb interfaces are 
 morphologically stable after room- temperature 
rolling to large plastic strains. Figure 6 shows 
that the micrometer-scale Cu-Nb multilayers 
developed dislocation-cell structures within 
the layers, leading to rotations away from 
the interface-plane normal. In contrast, the 
nanolayers (e.g., 75 nm layers rolled to 30 nm) 
showed no dislocation-cell structures and no 
rotation away from interface-plane normal.66 
Strain localization due to the formation of 
slip bands eventually leads to the initiation of 
cracks; hence, nanolayered materials with a 
more homogeneous distribution of slip and no 
accumulation of localized slip bands are more 
resistant to fracture.

Similarly, high strain-rate deformation 
increases the stress in a material to extremely 
high levels in a very short time. This results in 
excessive damage production, often via mecha-
nisms such as twinning that are not activated at 
low stress levels.67 The article by Rudd et al. in 
this issue discusses in more detail the behavior 
of materials at extremes of high strain rates. 
More work is needed to better understand the 
role of interfaces in controlling the behavior of 
materials at strain rate extremes.

All these fi ndings suggest that nanostruc-
tured metals and composites can be designed 
to exhibit not just high strengths but also high 
damage tolerance, irrespective of whether the 
damage is introduced via plastic deformation or 
irradiation. The results reviewed here primarily 
highlight the fundamental mechanisms of defect 
interactions with interfaces in model systems. 

These concepts can underpin the design of advanced engineer-
ing materials such as nanocomposites of steel, such as those 
discussed in the article by Demkowicz et al. and in other recent 
reviews by Odette and co-workers.68, 69 For materials issues 
with current engineering materials in nuclear power reactors, 
the reader is referred to an earlier MRS Bulletin issue edited by 
Was, Zinkle, and Guérin.70

Novel characterization methods for 
microstructure evolution at extremes
Although the microstructure of structural metals described in 
the different articles of this issue is well characterized in the 
as-processed state (from macroscopic to atomic scales), there 
is still a poorly known parameter: the microstructure stability 
of these materials in real service conditions. This stability 
is of crucial importance when the nanostructured materials 
are subjected to extreme conditions such as high strain rate 

a

Nb
Cu

5 nm
50 nm

Helium bubbles

b

Figure 5. Transmission electron microscopy images of helium ion irradiated (a) 2.5 nm 
Cu–2.5 nm Nb nanolayered composite and (b) bulk Cu. Note the lack of dislocation loops, 
voids, and helium bubbles in the nanolayered composite while the bulk metal exhibits 
signifi cant radiation damage.

a b

Figure 6. Transmission electron microscopy images of room-temperature rolled multilayers. 
(a) 75 nm Cu–75 nm Nb multilayer rolled to a layer thickness of 30 nm Cu–30 nm Nb and 
(b) 2 μm Cu–2 μm Nb multilayer rolled to a layer thickness of 1 μm Cu–1 μm Nb. Note the 
formation of dislocation cell structures in (b) and lack of dislocation cells, networks, and 
tangles in (a).
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deformation, fast heating, high-dose irradiation, and high-
frequency thermal and/or mechanical cycling. In many cases, 
post-mortem analysis can be of great help for characterizing the 
fi nal state of microstructure evolution, but the evolution path 
cannot always be elucidated. Simulation tools can fruitfully 
complement this approach;71 however, the different simulation 
techniques have their own limitations, such as time and length 
scales of simulations, simplifi cation of the microstructure, 
and validity of the interaction rules, and cannot fully replace 
experiments. Therefore to gain direct insight into the mecha-
nisms governing the materials response under a given stimulus, 
in situ techniques have been widely developed during the last 
decades.72,73

The challenge for in situ characterization techniques is to 
obtain the best possible temporal and spatial resolutions simul-
taneously. The characterization of the temporal evolution is 
essential for the discrimination of the kinetics laws involved in 
the observed microstructure evolutions and to better defi ne the 
material’s lifetime: in situ time-resolved techniques necessitate 
a probe with suffi cient fl ux to enable fast recording of high sta-
tistics data. The recording speed becomes a possible limitation 
when the observed processes are ultrafast. On the other hand, 
spatial resolution is necessary fi rst to locate exactly where the 
modifi cations take place but also to characterize the involved 
mechanisms at the proper scale (atomic scale in most cases). 
In situ spatially resolved techniques necessitate a focused probe 
with very well-defi ned shape.

The article from Browning et al. in this issue reviews recent 
advances in the in situ characterization of microstructure evo-
lution in metals under extreme conditions such as rapid ther-
mal gradients, irradiation, shock-driven void formation, and 
extreme pressure using dynamic TEM (DTEM), in situ TEM 
ion irradiation, electron tomography, and synchrotron radiation 
(small-angle x-ray scattering). A detailed description of the 
modifi cations brought to the conventional instruments pro-
vides insight into the challenges that these experiments are 
facing. For example, in DTEM, the fast temporal resolution 
is achieved by using two different nanosecond lasers, one to 
start the transformation in the sample and one to create the 
imaging pulse of electrons by photoemission. For in situ irra-
diation, ion accelerators must be linked to TEM; for in situ 
shock loading, a synchrotron beamline (at the Advanced Photon 
Source, Argonne National Laboratory, USA) is equipped with a 
drive laser, specifi c x-ray detector while a special synchrotron 
fi ll pattern is used to obtain highest fl ux and shortest x-ray 
pulse.74 Similarly, the Linac Coherent Light Source (LCLS) 
beam at SLAC National Accelerator Laboratory, with its high 
peak brightness, short pulse duration (<100 fs), and tunable 
wavelength in the x-ray energy range, provides revolutionary 
capabilities to study the transient behavior of matter in extreme 
conditions. The particular strength of the matter in extreme 
conditions (MEC) instrument is the combination of the unique 
LCLS beam with high-power optical laser beams to cover a 
broad range of extreme conditions such as intense pressure, 
temperature, stress, strain, and radiation.75

These developments in the in situ characterization tech-
niques have been applied to a diverse range of problems, as 
described in the article by Browning et al. The crystallization 
of amorphous fi lms (nucleation rate and growth speed), the 
radiation damage mechanisms, and the 3D defect density pro-
duction in materials for nuclear-reactor applications (ferritic-
martensitic and oxide-dispersion-strengthened steels) and the 
shock-generated submicron void formation in solids. These 
examples, and additional work reviewed in Reference 76, illus-
trate how the development of highly novel and unconventional 
methodologies pushes forward the frontiers of instrumentation 
and materials science.

Summary and future directions
Nanostructured metals and composites are known to be ultra-
strong by virtue of the “smaller is stronger” trend. In addition 
to high strength, these materials can also be stable and damage 
tolerant at high irradiation doses at high temperatures, high 
strain rates, and large plastic strains. This unique combina-
tion of damage tolerance and high strength requires grain and/
or interphase boundaries with atomic structures that make 
these boundaries strong obstacles to dislocations as well as 
strong sinks for point and line defects. Future developments 
of these multifunctional materials call for innovative strategies 
such as the design of architectured nanocomposite metals and 
interface engineering. These approaches necessitate detailed 
experimental and simulation inputs, in particular continu-
ous development of highly novel and unconventional in situ 
experimental capabilities that push simultaneously the limits 
in spatial and  temporal resolution. Such capabilities will help 
elucidate the damage production and recovery mechanisms 
at interfaces under extremes conditions of irradiation, stress, 
and temperature.
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